Emerging concepts suggest that the functional phenotype of macrophages is regulated by transcription factors that define alternative activation states. We found that RBP-J, the main nuclear transducer of signaling via Notch receptors, augmented Toll-like receptor 4 (TLR4)-induced expression of key mediators of classically activated M1 macrophages and thus of innate immune responses to Listeria monocytogenes. Notch-RBP-J signaling controlled expression of the transcription factor IRF8 that induced downstream M1 macrophage-associated genes. RBP-J promoted the synthesis of IRF8 protein by selectively augmenting kinase IRAK2-dependent signaling via TLR4 to the kinase MNK1 and downstream translation-initiation control through eIF4E. Our results define a signaling network in which signaling via Notch-RBP-J and TLRs is integrated at the level of synthesis of IRF8 protein and identify a mechanism by which heterologous signaling pathways can regulate the TLR-induced inflammatory polarization of macrophages.
A r t i c l e s
Macrophages serve essential sentinel and effector functions in innate immunity and the transition to adaptive immunity. Depending on the environmental cues present, macrophages can assume a spectrum of activation states ranging from classically activated M1 inflammatory macrophages to various alternatively activated M2 macrophages that are involved in immunoregulation and tissue repair 1 . M1 macro phages are characterized by the production of inflammatory media tors, such as interleukin 12 (IL12) and inducible nitric oxide synthase (iNOS), in response to microbial product-mediated activation of Toll like receptors (TLRs) and cytokines such as interferonγ (IFNγ) 1 . In contrast, M2 macrophages have lower expression of inflamma tory mediators and have key roles in wound healing, host defense against helminths and the resolution of inflammation 1 . Published work has linked specific transcription factors to functional pheno types of macrophage 2, 3 , which suggests a parallel to T cell biology, in which lineagespecific transcription factors regulate cell differen tiation. Members of the interferonregulatory factor (IRF) family of proteins are transcriptional regulators of macrophage polarization, with IRF5 and IRF4 associated with polarization to the M1 state and M2 state, respectively 2, 3 . IRF8 is induced by IFNγ and contributes to the induction of several genes, including Ifnb1 (which encodes IFNβ) 4 , Il12b (which encodes the p40 subunit of IL12 (IL12p40)) 5 , Il12a (which encodes the p35 subunit of IL12) 6 and Nos2 (which encodes iNOS) 7 , in response to stimulation via TLRs and thus has a role in host defense against intracellular pathogens such as vaccinia virus and Leishmania major 8 . In the immune system, IRF8 also regu lates the development of the lymphoid and myeloid lineages and is indispensable for generation of plasmacytoid dendritic cell and CD8 + dendritic cell populations 9, 10 .
The stimulation of TLRs activates at least three main downstream signaling pathways, the transcription factor NFκB pathway, the mitogenactivated protein kinase (MAPK) pathway and the IRF pathway 11 , to induce gene transcription. However, TLR responses are also modulated by a variety of posttranscriptional mechanisms, including regulation of the decay and transport of mRNA and the control of translation initiation 12 . Translationcontrol mechanisms often target the process of translation initiation, during which the recruitment and assembly of translationinitiation factors, includ ing the main capbinding protein eIF4E, on target mRNA activates translation 13 . Cytokines, chemokines and enzymes are often targets of translational control 12 . Whether translational regulation controls other molecules, such as signaling intermediates and transcription factors, remains an open question.
The Notch signaling pathway regulates the differentiation, pro liferation, survival and development of cells 14 . Ligation of Notch receptors by their ligands leads to cleavage of Notch by proteases of the ADAM family and subsequent intramembranous cleavage by a γsecretase to release the Notch intracellular domain (NICD).
The NICD translocates to the nucleus and binds to the DNAbinding protein RBPJ (also called CSL or CBF1) 14 . In the immune system, the most established functions for Notch signaling are in regulating the development and function of lymphocytes 15 . Published data also sug gest a role for the Notch pathway in regulating the differentiation and function of myeloid cells [16] [17] [18] [19] [20] [21] [22] [23] [24] . However, the mechanism of action of the Notch-RBPJ pathway in macrophage polarization is unknown.
In this study we found that the Notch-RBPJ pathway controlled the expression of prototypical M1 effector molecules such as IL12 and iNOS, and promoted host defense against the intracellular pathogen Listeria monocytogenes. We identified IRF8 as a downstream target of the Notch-RBPJ pathway and found that RBPJ regulated the translation of IRF8 by selectively modulating TLR4 signaling through activation of the kinase MNK1 mediated by the upstream signaling molecule IRAK2 and the initiation of translation controlled by eIF4E. Our studies delineate a signaling network in which the Notch-RBPJ and TLR signaling pathways are integrated at the level of synthesis of IRF8 protein to regulate induction of the M1 phenotype in macrophages.
RESULTS

RBP-J controls M1 macrophage-associated genes
To investigate the role of the Notch-RBPJ pathway in macrophage activation, we profiled the gene expression of wildtype and RBPJ deficient bone marrow-derived macrophages (BMDMs) stimulated with the TLR4 ligand lipopolysaccharide (LPS), which induces the expression of key M1 macrophage-associated proteins, such as IL12 and iNOS 1 . We confirmed efficient deletion of RBPJ in BMDMs from RBPJdeficient mice (with loxPflanked Rbpj alleles deleted by Cre recombinase expressed under control of the interferoninducible gene Mx1; Rbpj flox/flox Mx1Cre mice) by assessing the expression of Rbpj mRNA and RBPJ protein (Supplementary Fig. 1a,b) . Microarray analysis showed that approximately 10% of TLR4inducible genes were partially dependent on RBPJ and that a very broad range of TLR target genes were induced to a normal amount in RBPJdeficient macrophages and thus were RBPJ independent ( Supplementary  Fig. 1c and data not shown). However, a small number of LPSinduced genes (fewer than ten) were essentially completely dependent on RBPJ (expression >80% lower in RBPJdeficient cells; data not shown). Among those genes, we confirmed by quantitative PCR the depend ence of Il12a, Il12b and Nos2 on RBPJ expression (Fig. 1a,b) .
To assess the functional and physiological relevance of RBPJ mediated regulation of M1 macrophage-associated genes, we exam ined the in vivo expression of IL12 protein in the myeloid compart ment under conditions of inflammation. After endotoxin challenge, mice with myeloidspecific deletion of RBPJ (with loxPflanked Rbpj alleles deleted by Cre recombinase expressed under control of the myeloid cell-specific gene Lyz2; Rbpj flox/flox Lyz2Cre mice) had signif icantly lower serum concentrations of IL12p40 protein than did their wildtype littermates (control mice; Fig. 1c ). The production of nitric oxide in macrophages is catalyzed by iNOS. In response to stimulation with LPS, RBPJdeficient macrophages produced significantly less nitric oxide than did wildtype cells, as assessed by the concentra tion of the nitricoxide metabolite nitrite (Fig. 1d) . Because IL12 and iNOS mediate responses to intracellular bacteria, we assessed the role of RBPJ in vivo in host defense against L. monocytogenes, an intracellular pathogen whose successful clearance requires effectors of M1 macrophages, such as IL12 and iNOS 25 . Chimeric mice gener ated with bone marrow cells from mice with RBPJ deficiency in the myeloid lineage (Rbpj flox/flox Lyz2Cre mice) were more susceptible to L. monocytogenes infection than were chimeras generated with bone marrow cells from control (Rbpj +/+ Lyz2Cre) mice, as demonstrated by the significantly greater bacterial burden in the spleens and livers of infected mutant mice (Fig. 1e) . Together these results showed that RBPJ was essential for the expression of genes characteristic of the core M1 macrophage response in vitro and for the manifestation of key myeloid effector functions in vivo.
In addition to promoting the expression of M1 macrophageassociated genes, RBPJ suppressed the expression of a group of genes characteristic of the M2 macrophage phenotype, a result obtained 
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by microarray analysis that we confirmed by quantitative PCR (Supplementary Fig. 1d ). RBPJ suppressed the expression of JMJD3, the key inducer of M2 polarization 3 , which indicated that RBPJ had an inhibitory role in the M2 differentiation program. Although these results suggested that RBPJ might regulate the balance between M1 polarization and M2 polarization, in this study we focused on delin eating the mechanisms by which RBPJ regulates the M1 program.
RBP-J controls M1 macrophage genes downstream of Notch RBPJ has a key role in signal transduction via the canonical Notch pathway. However, Notchindependent RBPJ activities have been reported 14 . To assess the role of the canonical Notch pathway in the RBPJmediated regulation of M1 macrophage-associated genes, we used GSI34, a chemical inhibitor of γsecretase, to abolish sig naling from the Notch receptors. The treatment of wildtype mouse BMDMs with GSI34 did not have any detectable toxic effects (data not shown), yet it effectively suppressed the LPSinduced expression of Il12b (Fig. 2a) , which suggested that the induction of Il12b by LPS required canonical Notch signaling. The inhibition of γsecretase by GSI34 had no effect on the already blunted Il12b expression in RBPJ deficient macrophages (Fig. 2a) , which indicated that γsecretase and RBPJ function in a linear pathway. Another proteolytic event required for the activation of Notch signaling is the cleavage of receptors by proteases of the ADAM family, mainly ADAM10 (ref. 14) . Deficiency in ADAM10 almost completely abolished induction of the RBPJdependent genes Il12a, Il12b and Nos2 by LPS in macrophages (Fig. 2b) . In contrast, deficiency in ADAM17 did not notably alter the LPSinduced expression of RBPJdependent M1 macrophage-associated genes such as Il12b ( Supplementary Fig. 2a and data not shown). We next sought to determine which Notch receptors were respon sible for the activation of the M1 macrophage-associated genes. Resting mouse BMDMs expressed mainly Notch1 and Notch2 (data not shown). To assess the role of Notch1 in the expression of M1 macrophage-associated genes, we used macrophages from mice heterozygous for the deletion of Notch1 (Notch1 +/− mice), as com plete deletion of Notch1 leads to death 26 . Notch1 haploinsufficiency was characterized by approximately 70-80% lower expression of Notch1 mRNA (Supplementary Fig. 2b ) 24 . Notch1 +/− macrophages showed profound defects in the induction of RBPJdependent M1 macrophage-associated genes (Fig. 2c) , which mimicked the effects of RBPJ deletion (Fig. 1a,b) , inhibition with γsecretase ( Fig. 2a) and ADAM10 deficiency (Fig. 2b) . In contrast to deletion of Notch1, knock ing down the expression of Notch2 did not alter the LPSmediated induction of RBPJdependent genes such as Il12b ( Supplementary  Fig. 2c ). Knockdown of Notch2 expression in Notch1 +/− cells did not further diminish Il12b expression ( Supplementary Fig. 2c ), which suggested that Notch2, either alone or in concert with Notch1, did not contribute much to the induction of RBPJdependent M1 macrophage-associated genes. Next we assessed Notch1 function by gainoffunction approaches. Forced expression of the NICD of Notch1 (NICD1) activated a reporter construct driven by the mouse Il12b promoter (Fig. 2d) . We also generated mice with constitutive expression of NICD1 in myeloid cells (called 'NICD1 M mice' here) by crossing Lyz2Cre mice with mice expressing NICD1 from the ubiqui tous Rosa26 locus 27 . BMDMs from NICD1 M mice were morphologi cally undistinguishable from wildtype macrophages and expressed markers of mature macrophages ( Supplementary Fig. 3a-c) . NICD1 M BMDMs had higher NICD1 expression and constitutively active Notch signaling than did wildtype cells, as assessed by expres sion of the canonical Notch target gene Hes1 ( Supplementary Fig. 3d and data not shown). Stimulation with LPS resulted in greater induc tion of M1 macrophage-associated genes in NICD1 M macrophages than in control macrophages (Fig. 2e) . Collectively, these results indi cated that the Notch1-ADAM10-γsecretase-RBPJ axis regulated the expression of M1 macrophage-associated genes.
RBP-J controls IRF8 expression and function
Il12a, Il12b and Nos2 are known to share common mechanisms of regulation, such as dependence on the NFκB subunit cRel [28] [29] [30] and dependence on IRF1 and IRF8 (refs. 6,7,31) . In addition, they were all categorized as secondaryresponse genes 32 ( Supplementary Fig. 4 ). We investigated regulation of the expression of cRel, IRF1 or IRF8 by the Notch-RBPJ pathway. The expression of cRel and IRF1 was not substantially altered by RBPJ deficiency (data not shown), which sug gested that they were not targets of RBPJmediated regulation. It has been reported that IRF8 expression is regulated at the transcriptional npg A r t i c l e s level and that the induction of IRF8 protein follows the induction of Irf8 mRNA and occurs over the course of hours 33, 34 . In contrast to those published observations, LPS treatment rapidly (within 15 min) and robustly induced the expression of IRF8 protein, as assessed in wholecell lysates and nuclear extracts of wildtype BMDMs (Fig. 3a,b) . We verified the specificity of the detection of IRF8 by immunoblot analysis of IRF8deficient macrophages ( Supplementary  Fig. 5a ). We confirmed the rapid induction of IRF8 protein in vari ous culture conditions and with several proteinextraction methods (data not shown). In contrast to the robust LPSdependent induction of IRF8 in wildtype cells, we observed less IRF8 in wholecell lysates and nuclear extracts of RBPJdeficient macrophages (Fig. 3a,b) . The expression of other members of the IRF family, such as IRF4 and IRF5, was not affected by RBPJ deficiency (Supplementary Fig. 5b) . In a gainoffunction approach, IRF8 protein expression was much higher in NICD1 M macrophages than in wildtype macrophages (Fig. 3c) . These results suggested that Notch-RBPJ was required for the rapid induction of IRF8 protein after the stimulation of TLR4.
The recruitment of IRF8 to its targetgene promoters is necessary for the binding of RNA polymerase II and subsequent transcriptional activation 4 . Chromatinimmunoprecipitation assays showed that the activation of wildtype macrophages with LPS led to the recruitment of IRF8 to the proximal promoter of Il12b (Fig. 3d) . This effect was almost completely abolished in RBPJdeficient macrophages (Fig. 3d) . There was concomitantly less recruitment of RNA polymerase II to the Il12b promoter in RBPJdeficient cells (Fig. 3e) , which suggested that the lower abundance of IRF8 in the absence of RBPJ was not suffi cient to assemble the transcriptional machinery at the Il12b promoter. Overall, our data suggested that RBPJ regulated the expression and transcriptional function of IRF8 downstream of TLR signaling.
We next sought to determine whether the lower IRF8 expression in RBPJdeficient macrophages explained the low expression of M1 macrophage-associated genes in these cells. The induction of Il12a, Il12b and Nos2 by LPS was much lower in IRF8deficient macro phages than in wildtype cells (Fig. 4a) . We determined whether the restoration of IRF8 expression in RBPJdeficient cells would restore the expression of Il12a, Il12b and Nos2. Through the use of retroviral transduction, we restored IRF8 expression in RBPJdeficient macro phages to approximately its expression in wildtype cells (Fig. 4b) . Reconstitution with IRF8 nearly completely corrected the defective expression of Il12b mRNA (Fig. 4c) and IL12p40 protein (Fig. 4d) in RBPJdeficient cells. Reconstitution with IRF8 also partially restored the expression of Il12a in RBPJdeficient macrophages (Fig. 4c) , whereas the impaired Nos2 expression of RBPJdeficient cells was not 'rescued' by IRF8 reconstitution (Supplementary Fig. 5c ), which suggested the involvement of additional factors in RBPJregulated Nos2 expression. These results indicated that RBPJ regulated the expression of M1 macrophage-associated genes at least in part through IRF8.
RBP-J is required for the rapid synthesis of IRF8 protein Next we investigated the mechanisms by which RBPJ regulates the expression of IRF8 protein. Because IRF8 expression is known to be regulated at the level of mRNA by stimuli such as IFNγ (refs. 34,35), we investigated whether TLR4 and RBPJ induced the accumulation of Irf8 mRNA. Stimulation with LPS for up to 3 h did not result in notable upregulation of Irf8 mRNA at any of the time points assessed (0-180 min, which corresponded to the observed induction of IRF8 protein) in wildtype BMDMs (Fig. 5a) . As a control, we observed considerable induction of mRNA encoding tumornecrosis factor Supplementary Fig. 5d ), and pretreatment with IFNγ before stimulation with LPS resulted in the induction of Irf8 mRNA in wildtype macrophages, as expected ( Supplementary  Fig. 5e ). We also confirmed the results presented above through the use of distinct quantitative PCR primers that target a region of Irf8 mRNA 33 upstream of that amplified in Figure 5a (data not shown). These results suggested that the rapid induction of IRF8 protein by TLR4 stimulation was not due to higher expression of Irf8 mRNA. In addition, RBPJ deficiency did not substantially alter the amount of Irf8 mRNA at baseline or after treatment with LPS (Fig. 5a) , which suggested that the rapid induction of IRF8 by TLR4 stimulation was regulated at the level of the protein.
IRF8 is a labile protein 36 , so we determined whether RBPJ regulated the degradation of IRF8 protein. We added the protein synthesis inhibitor cycloheximide to LPSstimulated wildtype or RBPJdeficient macrophages and monitored the degradation of IRF8 protein over time. Despite the expected difference between wildtype and RBPJdeficient cells in the abundance of IRF8 protein before treatment with cycloheximide, after cycloheximide treatment, IRF8 protein decreased in a timedependent manner but independently of RBPJ genotype (Fig. 5b and Supplementary Fig. 5f ). Quantification of IRF8 protein by densitometry showed that in the absence of new protein synthesis, IRF8 protein decayed at a similar rate in wildtype and RBPJdeficient cells and that its halflife was approximately 150 min in both cell types (Fig. 5c) , a measurement consistent with the estimate of a published report 36 . These results suggested that RBPJ did not regulate the degradation of IRF8 protein. However, the addition of cycloheximide to wildtype macrophages before stimulation with LPS blocked the LPSinduced upregulation of IRF8 protein (Fig. 5d,e) , which suggested that the induction of IRF8 by LPS was the result of new protein synthesis. Metabolic labeling assays showed that stimulation with LPS upregulated the incorpora tion of 35 Slabeled methioninecysteine into newly synthesized IRF8 protein in wildtype macrophages but not in RBPJdeficient cells (Fig. 5f) . These results suggested that the rapid synthesis of IRF8 protein induced downstream of TLR4 signaling was dependent on RBPJ.
RBP-J controls activation of the MNK1-eIF4E axis
Stimulation via TLRs induces the phosphorylation and activa tion of kinases of the MNK family and subsequent MNKmediated phosphorylation of eIF4E 37, 38 , which is required for the efficient translation of select proteinencoding transcripts 39 . To investigate the mechanisms by which RBPJ regulates the synthesis of IRF8 protein, we assessed the regulation of MNK1eIF4E activity by TLR4 and RBPJ. MNK1eIF4E activity is enhanced by phosphorylation of MNK1 on Thr197 and Thr202, and phosphorylation of eIF4E on Ser209 (ref. 13 ). TLR4induced phosphorylation of MNK1 and eIF4E was much lower in RBPJdeficient macrophages than in wildtype macro phages (Fig. 6a) . This was not due to lower expression of MNK1 or eIF4E protein (Fig. 6a) , which suggested that the activation of MNK1 eIF4E downstream of TLR4 signaling required RBPJ.
Activation of MNK1 with subsequent phosphorylation of eIF4E and regulation of translation has been shown to be dependent on the MAPK Erk and stressactivated MAPKs in various systems [37] [38] [39] . 
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We examined the role of MAPKs in the TLR4induced activation of MNK1 through the use of pharmacological inhibitors of the MAPK kinase MEK (U0126) and the MAPKs p38 (SB203580) and Jnk (SP600125); an inhibitor of the phosphorylation of eIF4E by MNK1 (CGP57380) 39 served as a positive control (Fig. 6b) . Although inhibitors of single MAPKs had modest effects, a combination of the inhibitors of MEK and p38 effectively suppressed the TLR4induced phosphorylation of MNK1 and eIF4E (Fig. 6b) , which indicated that both Erk and p38 were necessary for activation of the MNK1 path way by TLR4. RBPJ deficiency did not substantially alter the TLR4 induced activation of Jnk (Supplementary Fig. 6a) , consistent with the idea that Jnk is dispensable for MNK1 activation. In contrast, phosphorylation of Erk and MEK (which activates Erk downstream of TLR signaling) was lower in RBPJdeficient macrophages than in wildtype macrophages ( Fig. 6c and Supplementary Fig. 6b) . Furthermore, RBPJ deficiency led to less phosphorylation of p38 and its upstream kinases MKK3MKK6 in response to stimulation with LPS ( Fig. 6d and Supplementary Fig. 6b ). These results indicated that regulation of the TLR4induced activation of Erk and p38 was one mechanism by which RBPJ controlled activation of the MNK1eIF4E axis. Although the dependence of Erk and p38 signaling on RBPJ was modest, the activation of MNK1 was dependent on RBPJ, consistent with published work suggesting a requirement for dual activation of MNK proteins by Erk and p38 (refs. 37-39).
RBP-J targets IRAK2 upstream of MNK1-eIF4E
Next we investigated potential targets of RBPJ upstream of MAPKs and MNK1 in the TLR4 signaling cascades. IRAK2 is a proximal com ponent of TLR signaling that has a role in the TLRmediated activation of MNK1 and also functions as a posttranscriptional regulator 38, 40 . Consistent with published reports 38, 41 , acute stimulation of wild type macrophages with LPS did not result in upregulation of IRAK2 expression (Fig. 7a) . However, the expression of IRAK2 protein was much lower in RBPJdeficient macrophages than in wildtype cells (Fig. 7a) . This effect was specific, as the expression of other proteins of the IRAK family, such as IRAK1, was not lower in RBPJdeficient macrophages than in wildtype cells (Supplementary Fig. 6c and data not shown). To determine whether diminished IRAK2 expression contributed to the lower expression of M1 macrophage-associated genes in RBPJdeficient cells, we restored IRAK2 expression in RBPJ deficient macrophages by retroviral transduction. Reconstitution of IRAK2 partially corrected the phenotype (Fig. 7b) , which suggested that the requirement for RBPJ in the induction of M1 macrophage-associated genes was due at least in part to the regula tion of IRAK2 by RBPJ.
Next we investigated the mechanisms by which RBPJ signaling regulated IRAK2 expression. Wildtype and RBPJdeficient cells did have not substantially different amounts of Irak2 mRNA at baseline or after LPS stimulation (Fig. 7c) , which indicated that RBPJ did not regulate Irak2 expression. We also determined if RBPJ deficiency resulted in less synthesis of and/or more degradation of IRAK2 protein.
We assessed the former by metabolic labeling assays and found that RBPJ deficiency resulted in attenuated synthesis of IRAK2 protein, as shown by less incorporation of 35 Slabeled methioninecysteine at multiple labeling time points (Fig. 7d) . In addition, in the presence of the proteinsynthesis inhibitor cycloheximide, IRAK2 degraded at a faster rate in RBPJdeficient macrophages than in wildtype cells under LPSstimulated conditions (Fig. 7e) . Therefore, both less synthesis and more degradation contributed to the lower abundance of IRAK2 in RBPJdeficient cells. We also found higher expression of IRAK2 protein in NICD1 M macrophages than in wildtype macro phages (Fig. 7f) . That higher expression of IRAK2 protein was not due to higher expression of Irak2 mRNA (Supplementary Fig. 6d) , which supported the idea that Notch-RBPJ signaling regulated IRAK2 expression posttranscriptionally.
To assess the role of IRAK2 in mediating RBPJdependent, TLR4 induced signaling events, we evaluated the activation of MAPK kinases and MAPKs in cells in which IRAK2 expression was knocked down through the use of RNAmediated interference. Lower IRAK2 expression (Supplementary Fig. 6e ) resulted in impaired activation of the MEKErk pathway as well as the MKK3MKK6p38 pathway after stimulation with LPS (Supplementary Fig. 6f ) but did not affect the phosphorylation of Jnk (Supplementary Fig. 6g) . Overall, these results demonstrated that the Notch-RBPJ pathway controlled a TLR4activated MAPKMNK1eIF4E signaling cascade by regulat ing the expression of IRAK2 protein. npg A r t i c l e s
MNK1-eIF4E controls the TLR4-induced synthesis of IRF8 protein
We sought to link the RBPJmediated regulation of MAPKMNK1 eIF4E signaling to the regulation of the induction of IRF8 protein.
In LPSactivated macrophages, IRF8 expression was much lower after the activation of both Erk and p38 was inhibited pharmaco logically through the use of U0126 and SB203580, respectively, whereas the inhibition of Jnk with SP600125 did not have a dis cernible effect on the amount of IRF8 protein (Fig. 8a) . The com bined inhibition of Erk and p38 almost completely abolished the induction of M1 macrophage-associated genes (Fig. 8b ) and IL12 protein (Supplementary Fig. 7a ) by LPS, which suggested that both Erk and p38 were necessary for the expression of IRF8 pro tein and the subsequent induction of M1 macrophage-associated genes in TLR4stimulated macrophages. Treatment of macrophages with the MNK1 inhibitor CGP57380 suppressed the LPSinduced phosphorylation of eIF4E and expression of IRF8 protein in a dosedependent manner (Fig. 8c) . Knockdown of MNK1 in macro phages by RNAmediated interference led to less phosphoryla tion of eIF4E and attenuated induction of IRF8 by LPS ( Fig. 8d and Supplementary Fig. 7b ). However, it did not affect the expres sion of Irf8 mRNA (Supplementary Fig. 7c ). Transduction of macrophages with a retrovirus expressing a dominantnegative mutant of MNK1 that lacks kinase activity and thus is unable to phosphorylate eIF4E 42 blunted the LPSactivated induction of IRF8 protein (Fig. 8e) . The inhibition of MNK1 activity by CGP57380 suppressed the TLR4induced expression of Il12a, Il12b and Nos2 (Fig. 8f) without apparent toxicity (data not shown) or global interference with TLR responsiveness (Supplementary Fig. 7d ).
Together these experiments supported the proposal of a role for MNK1eIF4E in the TLR4induced expression of IRF8 protein and induction of genes that are targets of IRF8. We propose a model for the regulation of the polarization of M1 macrophages through crosstalk between the Notch-RBPJ and TLR signaling pathways (Supplementary Fig. 8 ).
DISCUSSION
The selective transcription of functionally related subsets of genes in response to inflammatory stimuli is important for achieving appropri ate immune responses 11 . Here we have shown that the Notch-RBPJ pathway selectively regulated a subset of TLR4inducible, classic M1 macrophage-associated genes, including Il12a, Il12b and Nos2. Signaling via RBPJ and TLR4 converged to synergistically induce rapid expression of IRF8 protein, which in turn directly activated the downstream expression of M1 macrophage-associated genes. Notch1-RBPJ signaling was required for the activity of MNK1 and eIF4E, which augmented the translation of IRF8. Our findings have provided a functional connection between Notch-RBPJ signaling and the IRF family of transcription factors and have identified a mechanism by which RBPJ and TLR4 signaling are integrated to induce the translation of a key transcription factor important to the activation of macrophages. IRF8 expression is known to be transcriptionally inducible by IFNγ (refs. 34, 35) . Here we found that LPS alone (without IFNγ) induced rapid expression of IRF8 protein independently of the upregu lation of Irf8 mRNA; this activated a subset of TLRinducible promot ers, such as Il12b, in an RBPJdependent manner. The observations that the activation of MNK1 and subsequent phosphorylation of eIF4E are induced by inflammatory stimuli, including TLR ligands and inter ferons 38, 39 , suggest that this pathway may be important in promoting the translation of a select subset of transcripts under inflammatory con ditions. Furthermore, Notch-RBPJ signaling controlled the amount of IRAK2 protein independently of the regulation of mRNA expression. Although IRAK2 is an integral component of the TLR signaling cascade and the amount of IRAK2 is critical for determining TLR responsive ness 43 , little is known about how the synthesis or degradation of IRAK2 protein is regulated. The exact mechanisms by which Notch signaling regulates the expression of IRAK2 remain to be determined.
Notably, the RBPJdependent M1 macrophage-associated genes identified here are all secondaryresponse genes whose expression is dependent on new protein synthesis. The identity of the factors responsible for the induction of secondaryresponse genes has remained elusive 11 . Our results indicate that IRF8 represents such a factor. However, we were unable to rule out the possibility that RBPJ regulated the expression of TLRinducible genes by additional mecha nisms. Regulation of NFκB activity by RBPJ has been described 44 . Because Il12a, Il12b and Nos2 are known targets of cRel, we deter mined whether NFκB had a role in the RBPJmediated regulation of these genes. However, the acute activation of canonical NFκB sig naling, as measured by degradation of the NFκB inhibitor IκBα and nuclear accumulation of cRel, was not affected by RBPJ deficiency, and the expression of many canonical NFκB target genes was intact in RBPJdeficient cells (data not shown), which suggested that NFκB was not the central point of signaling integration between the RBPJ and TLR pathways in our system. Indeed, the regulation of NFκB by RBPJ would be expected to have broader effects on the expression of TLRinducible genes and could not explain the selective regulation that we observed. However, it is plausible that NFκB may be subject to regulation by RBPJ under other conditions, such as latephase TLR responses in which IRAK2 contributes to sustained activation of NFκB (ref. 41) , or in other cell types, such as T cells and human peripheral blood mononuclear cells 40, 45 . Notch receptors and their ligands have been linked to regulating the production of inflammatory cytokines 18, 20, 24 , mostly through a positive feedforward loop in which inflammatory stimuli such as TLR ligands induce the expression of Notch receptors and/or their ligands and activate canonical Notch signaling, which in turn aug ments TLRinduced cytokine production in a nonselective manner. In contrast, we have shown here that the induction of IRF8 by RBPJ and TLR signaling occurred minutes after TLR stimulation, before the reported induction of the expression of Notch receptors or their ligands 18, 20, 24 . Furthermore, in primary macrophages, despite the finding that Notch signaling was constitutively active at baseline, it was not further activated by TLR stimulation within the experimental time frame (X.H., data not shown), which indicated a lack of acute activation of canonical Notch signaling by TLR pathways. Thus, our data suggest a model in which constitutive Notch signaling via RBPJ serves as a 'tonic' signal that is necessary but not sufficient for gene induction and that the TLR pathway provides a 'triggering' signal that activates gene expression. Such a tonic signal would be deliv ered in vivo under baseline conditions in which Notch ligands are expressed, such as in the marginal zone of the spleen 16 and in the blood circulation 24 . Feedforward regulation involving the induction of Notch components would then serve as an amplification loop that is potentially important for sustaining TLR responses at later time points. Overall, our findings have highlighted the selective regulation of TLRinducible gene expression by Notch signaling that modulates inflammatory macrophage phenotype.
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